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ABSTRACT

Qiao, Zhong, M.S.E, Purdue University, December 2013. Nutrient recovery from
anaerobically-digested dairy manure by struvite formation and its effect on gas releases.
Major Professor: Jiqin Ni.

Manure management practices such as anaerobic digestion and lagoon storage have
become important issues for large dairy farms partially due to water quality and air
quality concerns caused by excess nitrogen and phosphorus. Prior research efforts have
proven that struvite formation is an effective method for nutrients recovery from both
municipal and agricultural wastewaters. However, little is known about nutrient recovery
through struvite formation from anaerobically-digested dairy manure effluents.The
effects of struvite precipitation on the releases of gases such as NH3, H2S, and CO2 are
also unclear.

In this thesis, both bench-scale tests and pilot-scale storage tests were conducted to
investigate the factors that influence nitrogen and phosphorus recovery by struvite
formation from anaerobically-digested dairy manure and the effects of this process on the
releases of ammonia (NH3), nitrous oxide (N2O), methane (CH4), carbon dioxide (CO2)
and hydrogen sulfide (H2S) during storage. The results of the bench-scale tests showed
that over 98% as phosphate removal rate and over 97% as ammonium removal

xii

rate were achieved by struvite formation. Component molar ratio and pH were identified
as the most sensitive parameters that affect the performance of struvite precipitation. The
optimum pH and initial Mg2+:PO43-:NH4+ molar ratio were found to be 8.5 and 1.3:1.3:1,
respectively. The results of the pilot-scale storage test suggested that struvite formation
significantly reduced the releases of NH3, N2O and CH4. However, the influence of
struvite crystallization on the releases of CO2 and H2S were less obvious.
Keywords: Nutrient recovery, struvite, gas releases, anaerobic digestion, dairy manure
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CHAPTER 1. GENERAL INTRODUCTION

1.1

Nutrient in the Environment

Nutrients are chemicals that are needed for organisms to live and grow or consumed to
support an organism's metabolic activity (Whitney et al., 2009). Nitrogen (N)
and phosphorus (P), which are two primary macronutrients needed for plants growth, are
usually lacking in the soil due to the uptake by crops and plants; however, enrichment of
nutrients exist in natural environments such as water bodies and the atmosphere resulting
from excessing anthropogenic inputs of nutrients, which can lead to highly undesirable
changes in air and water, such as eutrophication, one of the world’s most widespread,
costly and challenging environmental problems (Smith et al., 1999). Nitrogen and
phosphorus are most environmentally concerned for the pollution of nutrient.

1.1.1 Sources of Nutrients - Nitrogen
Nitrogen is a colorless nonmetallic chemical element presenting in great abundance in the
atmosphere. About 78% of the earth’s atmosphere is nitrogen. Nitrogen in the
environment originates from either natural or anthropogenic sources. It is a key element
determining the distribution and diversity of species, and the function of terrestrial and
aquatic ecosystems (Vitousek et al., 1997). Nitrogen reacts with oxygen in specific
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conditions, including the presence of high temperature, pressure, and light, resulting in
the production of nitrogen oxides (Levine et al., 1984). Nitrogen is converted among its
various forms of chemical compounds through a process called the nitrogen cycle, which
primarily consists of fixation, ammonification, nitrification and denitrification (Xavier,
2012). Although nitrogen cannot be directly used by most animals, it is still essential to
life in the form of amino or nucleic acids, serving to determine cell structural and storage
inherited information (Bolin and Arrhenius, 1977).

Airborne nitrogen is utilizable to plants and animals through biological nitrogen fixation
by certain types of algae and bacteria. Certain plants can trap and make use of nitrogen
for nutrition, being well-known as nitrogen fixers. At the same time, most of the nitrogen
pulled from the atmosphere by biological fixation returns to the atmosphere through
another process named denitrification. Every year, millions of tons of manure containing
tons of nitrogen are produced by about 7 billion farm animals in the U.S.,
posing tremendous threats to the environment if not handled properly (Puckett, 1994).

1.1.2 Sources of Nutrients - Phosphorus
Phosphorus (P) is a highly reactive nonmetallic element which is an essential component
of living systems. A variety of sources may result in phosphorus remains in municipal,
industrial, and agricultural wastewater. Phosphorus goes into the soil solution by the
following means: 1) dissolution of primary minerals, 2) dissolution of secondary minerals,
3) desorption of phosphorus from clays, oxides, and minerals, and 4) biological
conversion of phosphorus by mineralization. In addition to these soil and livestock
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sources, there are other anthropogenic inputs to surface water, comprising the remaining
balance of phosphorus inputs to surface water. While most anthropogenic sources have
been managed and phosphorus-containing effluent has been treated in the past decades,
land application of phosphorus as both fertilizer and manure has elevated its
concentration in the soil at many locations of the U.S. (Daniel et al., 1998).

Projections of the extent of phosphorus reserves went from 160 years in 1996 to 90 years
in 2001. The U.S. reserves are only projected at 25 years and the US will soon be a major
importer rather than a major exporter (Doyle and Parsons, 2002). Phosphate rock quality
is on the decline as the highest grade resources are being depleted (Steen, 1998).
Phosphate quality is also adversely affected by increasing concentration of heavy metals
in the rock.

Projections of worldwide phosphate resources look dismal with significant depletion of
known reserves expected in the current century. Total phosphate consumption is driven
by agriculture with approximately 80% of mined phosphate routed towards this use
(Steen, 1998). Most models show world population, agricultural production and fertilizer
continuing steep increases over the next century. With increasing demand expected and
depleting supply and quality, it is expected that phosphate costs will increase over the
next century and the value of phosphate as a resource will also increase.
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1.1.3

Application of Nutrients in Agriculture

Nitrogen is applied in the land as a fertilizer providing nutrient to the crops. Part of
nitrogen applied to the land is taken up by the crops and is accumulated in them, whereas,
the remaining fraction of nitrogen dissolves in the rain and can be transported to the
nearby water body or infiltrates into the groundwater. Aside from applying chemical
fertilizers, livestock manure is also frequently applied to farmland as biological fertilizer.

Because it is important to maintain the fertility of soil, phosphorus is applied as a
fertilizer and sometimes in the form of manure (Burns and Moody, 2002). However,
manure slurry usually contains more phosphorus and less sufficient nitrogen to fit the
requirements of crop growth. As a result, the phosphorus is over applied to meet the
nitrogen needs of crops (Burns and Moody, 2002).

Phosphorus is one of the vital elements needed for animal growth and milk production. It
functions in metabolic activities, in soft tissues, the maintenance of appetite, optimal
growth, fertility, bone development and the prevention of bone diseases. The daily
phosphorus requirements for dairy cattle and beef cattle have been stated as 86–95 g/day
and 35–40 g/day, respectively (CEEP, 2003). In many cases excess phosphorus is used to
maximize the production of livestock. However, feeding excess phosphorus increases
phosphorus levels in animal waste streams. Large percentages of phosphorus are excreted
finally instead of being utilized effectively (Creswell, 2000). Therefore, excess
phosphorus is fed to animals as a way to overcome the limited take-in efficiency,
resulting in very rich phosphorus in the waste stream.
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1.1.4

Impact of Excess Nutrient Runoff on the Environment

Though phosphorus is intoxic, it can be a prominent pollutant degrading water quality as
an excess nutrient. When transporting from terrestrial to aquatic environments, water
quality will be deteriorated due to accelerated eutrophication (Sharpley and Menzel,
1987). Also, the aquatic environment can be impaired by the accumulation of trace
contaminants contained in the livestock waste and fertilizers. In addition, large nutrient
loading in the influent to surface water bodies may lead to significant changes in the
riverbed sediment chemistry as shown by Chambers et al. (1994). Also, the livestock
wastes discharged to the streams are responsible for polluting streams and killing
hundreds of thousands of fish. In 1995, spills from nine specific livestock facilities
polluted over 56 miles of Missouri streams and killed over 302,000 organisms, including
fish (Auckley, 2000). Manure spilled from animal confinement facilities breaks down in
water and depletes the oxygen in the water. The ammonia in manure is also toxic to fish
and other aquatic life. The issue still grows., For example, the projected 2007 Gulf
hypoxic zone covered the greatest area ever (Dhakal, 2008).

1.1.5

Recovery of Nutrients from Animal Waste

Removal and recovery of nitrogen and phosphorus from animal waste cannot only
prevent nutrient enrichment of streams, but also lengthens the availability of a finite
resource (CEEP, 2003). In addition, phosphorus is a non-renewal resource and is being
mined at an increasing rate to meet the increasing demand for fertilizers necessary for
crop production. Precipitation of phosphorus and ammonia offers combined treatment
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and recovery of nutrients, thereby serving dual purposes. First, precipitation efficiently
removes high level of ammonia and phosphate from the agricultural wastewater; and
second, it produces a valuable and useful form of nutrients, which can be further applied
to the farm lands as a fertilizer in a form that requires little processing and expense. This
recovery can also generate a sellable product and potentially revenue.

1.2

Nutrient Removal Methods

1.2.1 Biological Nutrient Removal
Biological nutrient removal methods can reduce nutrient levels in wastewater, and
therefore decrease the eutrophication potential in aquatic environments. Biological
Nitrogen Removal (BNR) is a combined process of nitrification and denitrification. Szögi
et al. (2006) reported that the ammonia emission from animal wastewater was reduced by
90% after BNR. However, due to the lack of electron donors for denitrification, the
effluent after anaerobic digestion is not suitable for BNR (Jiang, 2009).

In engineered systems, phosphorus accumulating organisms (PAOs) have been shown to
uptake phosphate in concentrations which exceed a typical phosphate concentration and
utilizes phosphate in typical cellular processes. These organisms are utilized for
Biological Phosphorus Removal (BPR) in engineered systems. The PAOs outcompete
organisms which do not have the ability to invest energy in aerobic conditions to spend
during the anaerobic conditions. The cycling between aerobic and anaerobic phases
induces the uptake and release of phosphorus.
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The strategy at BPR treatment plants is to cycle solids between an anaerobic and aerobic
zone allowing them to accumulate and release phosphorus from influent wastewater and
then waste solids immediately following the aerobic stage when the intracellular
polyphosphate and thus solid phase P is at its maximum (Stephens and Stensel, 1998).
This method is prone to failures due to lack of activity from microorganisms under
unsuitable pH, temperature and dissolved oxygen (DO) concentration.

1.2.2

Chemical Precipitation

Nutrients removal from livestock wastewater by chemical methods has proven to be
efficient and produced consistent results in most cases. Controlling nutrients from pointsource discharges has been practiced for the last twenty years. The use of chemical
amendments in restoring nutrients has its advantages, like ease of application and high
removal efficiencies (Ann et al., 1999).

Metal salt precipitation is a typical practice at wastewater treatment plants which must
meet phosphorus limits and does not employ the biological phosphorus removal scheme.
Addition of iron and precipitation of ferrous phosphate is the most commonly adopted
method. However, the phosphorus industry typically regards iron in phosphate as
undesirable because most valued phosphate end products are difficult to derive from
ferrous phosphate (Driver et al., 1999).
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1.2.3

Struvite Precipitation

Struvite precipitation is a chemical method of removing nitrogen (N) and phosphorous (P)
simutaneously, based on struvite crystallization. Struvite precipitation in a controlled
manner not only removes the excessive nitrogen and phosphorus in the anaerobic digester
effluent, but also recovers them for further use. The recovered struvite is with low
solubility, which allows a slower release rate of nutrients compared with other soluble
fertilizers (Münch and Barr, 2001). Also, in contrast with fertilizers produced by
phosphatic rock mining, struvite contains less metal components and multiple nutrients,
such as nitrogen and magnesium (Driver et al., 1999).

Efforts have been made to investigate the mechanism of struvite precipitation and
optimized reaction condition. Researchers reported a 90% reduction of soluble
phosphorus anaerobic digester supernatant by applying struvite precipitation and
achieved 50–80% of total phosphorus recovery (Battistoni et al., 1997; Münch and Barr,
2001; Yoshino et al., 2003a; Wu and Bishop, 2004). Burns et al. (2002) applied
magnesium chloride (MgCl2·6H2O, 64% solution) to reduce the soluble phosphorus level
in swine wastes and accelerate the precipitation of phosphorus. Laridi et al. (2005)
reported that the removal rates of phosphate and ammonium were 98% and 17%,
respectively, at the optimal pH of 8.5 and a retention time of 30 minutes. Meanwhile,
they found that the ratios changed to 99% and 15%, respectively, in pilot-scale tests of
both batch and continuously operated reactors.
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1.3

Gas Release from Manure

Intensive modern animal production practices are a source of numerous airborne gas
contaminants, including ammonia (NH3), hydrogen sulfide (H2S), methane (CH4), and so
on, which degrade the air quality in animal buildings and thereby pose a health risk to the
animals and farm workers (Jacobson et al., 2003). When gases are generated through
enzymatic, microbiological, and chemical process in liquid manure, they transfer from
the liquid phase into the immediate free air stream (Ni et al., 2009). Ammonia and H2S
are odorous and hazardous, having a potential negative effect on human health, animal
welfare and ecological systems. Greenhouse gases (GHG) such as CO2, CH4 and N2O,
pose potential influences on global climate change.

Ammonia (NH3) is a compound of nitrogen and hydrogen. The largest source of
anthropogenic ammonia in the U.S. is the livestock industry, which is responsible for
3×106 tons of ammonia emissions in 1995 (Anderson et al., 2003). Another primary
source of ammonia is fertilizer application with a total annual emission of 8.4×105 tons of
ammonia in 1995 (Goebes et al., 2003). Other sources like energy consumption also
contribute to ammonia emission (Dianwu and Anpu, 1994). Production of nitrogen
fertilizer makes up about 1 % of global energy expenditures (Worrell et al., 2000a). The
United States is a net importer of ammonia as an industrial product, mostly from
countries with abundant natural gas such as Trinidad and Canada (Worrell et al., 2000b).

Ammonia is a major gaseous pollutant in animal facilities released primarily from
manure (Yang et al., 2000; Tóth and Balogh, 2012), as a result of microbial
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decomposition of uric acid. Hydrogen sulfide (H2S) formation is the mineralization
transformation of organic compounds containing sulfur (Clanton and Schmidt, 2000).
Methane (CH4) also comes from decomposition of organic compounds in the presence of
microorganisms, when carbohydrates are broken down in anaerobic conditions (Zhu et al.,
2011). Methane primarily originates from anaerobic manure fermentation while N2O
emission primarily originates from aerobic nitrification (Zhu et al., 2011). Carbon dioxide
mostly generated by animal exhalation and partly by manure decomposition (Ni et al.,
1999).

Gaseous emission from the manure is related with a number of factors affecting gas
production and volatilization from manure storage, such as manure composition, manure
pH, manure and air temperature, airflow rate, relative humidity or manure surface crusts,
manure age and treatment type (Arogo et al., 2003; Blanes-Vidal et al., 2012). For
example, increased indoor temperature will lead to increased mineralization of organic
Nitrogen in the manure, therefore the emission of NH3 increases (Arogo et al., 2003).
Decreasing airflow rate and liquid temperature are shown to reduce the ammonia
emission rates (Smith et al., 1999).

1.4

Motivations and Objectives

Struvite formation as a technology for recovering ammonia or phosphate from domestic
and industral wastewater has been investigated by several research groups (SchulzeRettmer, 1991; Battistoni et al., 1997; Tünay et al., 1997; Shin and Lee, 1998; Battistoni
et al., 2000). In addition, struvite precipitation has been well applied to nutrient removal
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from agriculture waste such as swine lagoon liquid (Nelson et al., 2003), calf manure
(Schuiling and Andrade, 1999), and pig manure (Ren et al., 2010). It is reported that there
were about 9.23 million dairy cows in the U.S. in 2012 (Weaver-Stoesz, 2013), and one
dairy cow averagely produces 112 pounds of manure per day (Burke, 2001). This manure
can be big source of nutrients if proper treatments are applied. However, there have been
only limited studies on the mechanisms of nitrogen and phosphate recovery as struvite
precipitates from anaerobically digested dairy manure.

Usually, manure after anaerobic digestion has to be stored in lagoons until the land
application seasons. During storage, ammonia, hydrogen sulfide (H2S), and greenhouse
gases such as methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O) release
from the manure to the ambient environment. Although it is believed that ammonia
emission from the manure after struvite precipitation should be reduced as a result of
reduced ammonium concentration in the liquid, no experimental studies to quantify this
ammonia emission reduction have been reported. Moreover, the effects of anaerobically
digested manure after struvite formation on hydrogen sulfide and greenhouse gas
emissions still remain unknown.

The objectives of this thesis were to: 1) investigate the characteristics of nutrient recovery
from anaerobically digested dairy manure as struvite formation; 2) determine the
optimum parameters for operation conditions in struvite formation, including pH,
temperature, component molar ratios and reaction time; 3) investigate the effects of
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struvite precipitation on releases of NH3, H2S, and greenhouse gases from treated manure
during storage.
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CHAPTER 2. NUTRIENT RECOVERY FROM ANAEROBICALLY DIGESTED
DAIRY MANURE THROUGH STRUVITE FORMATION

2.1

Introduction

Nitrogen (N) and phosphorus (P) are essential fertilizers for crop growing and food
supplements in animal feeding operations. It is reported that 85% of the global annual
production of P were consumed by agriculture activities in 1998, which is estimated to be
over 120 million tons (CEEP, 1998). However, in practice, attention to N and P are paid
to meet the minimum nutritional requirements rather than to minimize N and P inputs
level to the environment (Barnett, 1994). As a result, N and P become two most
significant contaminants responsible for water quality impairment such as eutrophication
of rivers and lakes (Momberg and Oellermann, 1992; Uludag-Demirer et al., 2005; Wang
et al., 2005). On the other hand, the take-in efficiency of P used in animal feeding
operations is less than 30%, while 70% is left to be excreted as manure (Greaves et al.,
1999; Wang et al., 2005).

Animal manure is usually used as organic fertilizer for croplands to provide nutrients to
plants. Animal manure can also be feedstock in anaerobic digesters to produce bioenergy
and digestate, or anaerobically digested manure, which is then applied to cropland as
fertilizer. Anaerobic digestion of animal manure has been in accelerating development in
recent years. Operating agricultural digester systems increased by approximately 650%
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from 2000 to 2011 in the U.S. and about 80% of the digesters are on dairy farms (USEPA,
2012). Increasing application of this technology is expected in the future when there is
more demand for renewable energy in the world. However, ammonium nitrogen can be
produced by anaerobic degradation of protein; and N and P can be observed at high levels
in the digested animal manure (Zeng and Li, 2006). In order to attenuate the nutrient
enrichment in surface water and conserve the non-renewable resource of P, effective
removal and recovery of N and P from the anaerobically digested manure are of
significant interest to make the anaerobic digestion an eco-friendly and economically
beneficial option.

Generally, the current technologies applied to nutrient removal include physical,
biological, and chemical processes. Although physical removal, such as ion-exchange
technology, allows disposal of shock loads at a wide range of operation temperature
(Jiang, 2009), clogging and high cost of regeneration are major problems that should be
taken into consideration. Biological removal technologies, like activated sludge treatment,
are well established, but are inherent inefficient to removal nutrients from dairy manure
which has much higher nutrient concentration levels than domestic wastewater, as well as
difficult in handling waste sludge. Chemical removal methods stand out due to its less
sophistication in operation, higher efficiency in nutrient removal, and enhanced capability
in recycling. Among these methods, struvite precipitation is widely recognized as an
alternative of recovering phosphate and ammonium simultaneously (Zeng and Li, 2006).

15
Struvite (magnesium ammonium phosphate, MgNH4PO4·6H2O) is a crystalline substance
known as valuable fertilizer since it releases nutrient slowly. Formation of struvite occurs
when phosphate, ammonium and magnesium ions exceed the solubility of struvite in
solution (Zeng and Li, 2006). The struvite formation equation can be shown as:
Mg2+ + NH4+ + HPO42- + 6H2O→MgNH4PO4·6H2O↓+H+

(2.1)

Struvite precipitation has been applied to sewage (Morse et al., 1998; Münch and Barr,
2001) and a variety of industrial wastewaters (Tünay et al., 1997). It has also been tested
for nutrient recovery from agriculture waste, such as swine lagoon liquid (Nelson et al.,
2003), calf manure (Schuiling and Andrade, 1999), pig manure (Ren et al., 2010) and
cattle manure (Zeng and Li, 2006).

A few studies on struvite precipitation kinetics have been published (Nelson et al., 2003).
It was reported that nucleation controls the struvite formation during the induction period
in both pure solutions and in wastewater (Ohlinger et al., 1999), indicating that the
nucleation rate increases with the higher extent of super-saturation; while the growth of
crystal is transport-controlled, implying the crystal growth rate could be enhanced by
mixing (Nelson et al., 2003).

Three major factors affecting struvite precipitation have been investigated. The
specification and phase distribution of phosphorus is crucial to struvite formation (Zhang
et al., 2010) because only phosphate ions can participate in struvite formation. The
magnesium cation Mg2+, a reactant that limits the formation of struvite by altering the
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equilibrium solubility and initiating precipitation, is usually added to enhance struvite
crystallization (Uludag-Demirer et al., 2005). However, excessive addition may lead to
the impurity of struvite by forming other magnesium byproducts (Demeestere et al.,
2001). Therefore, the molar ratio of reactant ions is an important factor (Wang et al.,
2005). The calcium cation Ca2+, a potential interfering ion, competes with Mg2+ to react
with phosphate to form a variety of products. In addition, pH plays a significant role in
the reaction because the speciation of regarded ions and solubility of precipitated struvite
are highly related to pH value.

Unfortunately, little is known about the N and P removal using struvite formation from
anaerobically digested dairy manure that has substantial levels of suspended solids and
organic matter, neither the optimal range of parameters to enhance struvite formation in
dairy manure. Solutions combining anaerobic treatment and an additional chemical
treatment of phosphorus are probably necessary for farms located in concentrated areas
(Bernet and Béline, 2009).

The objective of this part of the study was to investigate phosphate and ammonium
recovery from anaerobically digested dairy manure through struvite formation by
studying the factors that influence the process.
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2.2
2.2.1

Materials and Methods
Experimental Design

Bench-scale batch experiments were designed to study three factors (pH, temperature,
and component molar ratios) and the reaction time for optimum operational conditions
that affect struvite formation in digested dairy manure (Table 2.1). In the pH experiment,
the effect of seven pH values (7.0, 7.5, 8.0, 8.5, 9.0, 9.5 and 10.0) on phosphate removal
efficiency was tested. To evaluate the effect of temperature, experiments were conducted
at three different temperatures (4, 25 and 37.5 °C) in an incubator with temperature
control (Fisher Scientific, Pittsburgh, PA). Temperature of 4 °C was selected to represent
winter temperature, and 37.5 °C was a typical temperature of effluents at the anaerobic
digester outlet. For investigating the effect of the Mg2+:PO43- and Mg2+:PO43-:NH4+molar
ratio, 12 treatment options were designed (Table 2.2). In the reaction times study, seven
reaction times (3, 6, 10, 20, 30, 60 and 120 min) were tested with two Mg2+:PO43:NH4+molar ratios.
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Parameter
pH
Temperature, °C
Reaction time,
min

Table 2.1. Overview of the experimental design.
Effect of
Effect of molar
Effect of pH
temperature
ratio
7.0, 7.5, 8.0,
8.5, 9.0, 9.5,
8.5
8.5
10.0
25
4, 25, 37.5
25

8.5
25
3, 6, 10, 20,
30, 60, 120

240

240

Mg2+:PO43-

Not adjusted

Not adjusted

Mg2+:PO43-:NH4+

Not adjusted

Not adjusted

100

100

100

200

2

2

2

1

Manure,
mL/reactor
Replications

240

Reaction time

6 ratios (see
Table 2.2)
Control, 6
ratios (see
Table 2.2)

Control, 1:1
Control, 1:1:1,
1.3:1.3:1

Table 2.2. Experimental design for the effect of component molar ratio on struvite
formation.
Treatment,
Molar ration
(mol:mol or
Mg2+
PO43NH4+
mol:mol:mol)
3:1
3
1
NC
5:1
5
1
NC
8:1
8
1
NC
10:1
10
1
NC
15:1
15
1
NC
20:1
20
1
NC
Control
NC
NC
NC
0.5:1:1
0.5
1
1
1:1:1
1
1
1
1.3:1:1
1.3
1
1
1:0.5:1
1
0.5
1
1:1.3:1
1
1.3
1
1:3:1.3:1
1.3
1.3
1
Note: NC = not considered.
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2.2.2

Dairy Manure and Manure Preparation

The anaerobically digested dairy manure used in this experiment was obtained from a
commercial dairy farm in Indiana, USA. The manure was the liquid fraction of effluent
from a plug-flow anaerobic digester after separation of solids and liquid. The digester
operated at 38°C with a hydraulic retention time (HRT) of 15 days. A manure sample
was taken during collection and was shipped to the Midwest Laboratory (Omaha, NE) for
analysis of its chemical and physical properties, except for the total suspended solids that
was analyzed at Purdue University (Table 2.3). The manure was collected in a 20-L
carboy and stored at 4 °C until being used.

Table 2.3. Chemical and physical properties of anaerobically digested dairy manure used
in the experiment.
Item
Value
Ammonia nitrogen (total), ppm
1430
Organic nitrogen, ppm
1030
Total Kjeldahl nitrogen (TKN), ppm
2520
Phosphorus (as P2O5), ppm
700
Potassium (as K2O), ppm
1800
Sulfur (total), ppm
205
Calcium (total), ppm
1090
Magnesium (total), ppm
660
Sodium (total), ppm
516
Copper (total), ppm
12
Iron (total), ppm
63
Manganese (total), ppm
12
Zinc (total), ppm
15
Moisture, %
97
Total solids, %
3
Total salts, ppm
5500
pH
8.6
Total suspended solids, ppm*
20,100±1931
Note: *Analyzed at Purdue University. The value is mean ± standard deviation.
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2.2.3

Solution Preparation

For the experiments with manure pH adjustment, 1 N sodium hydroxide (NaOH) solution
made by dissolving 97.0% NaOH (ACS pellets, Sigma-Aldrich, St. Louis, MO) in
deionized water and diluted 37% hydrogen chloride (HCl) solution (ACS reagent, SigmaAldrich, St. Louis, MO) was prepared. For the experiments investigating molar ratio
effect, 1 mol/L phosphate (PO43-) solution was prepared by dissolving 99.0% disodium
hydrogen phosphate (Na2HPO4) (ACS reagent, Macron Fine Chemicals, Center Valley,
PA) in deionized water. In addition, magnesium chloride (MgCl2) was used as the
magnesium source. A solution of 1 mol/L MgCl2 was prepared by dissolving 99.0 –102.0%
magnesium chloride hexahydrate (MgCl2·6H2O) (ACS reagent, Aldrich, St. Louis, MO)
in deionized water.

2.2.4

Experimental Procedures

In the pH, temperature, and molar ratio experiments, 100 mL of digested manure effluent
was well-mixed in a container using a stir bar then transferred into a 250-mL BOD bottle
that served as a reactor. Solution of 1 N NaOH and diluted solution of HCl were used to
adjust the pH of manure effluent to a specific value. The initial manure pH in the
experiments for temperature, molar ratio, and reaction times was adjusted at 8.5. The pH
for investigating the effect of pH value was adjusted to 7.0, 7.5, 8.0, 8.5, 9.0, 9.5 and 10.0
(Table 2.1). Additionally, in the experiments studying the effect of molar ratio and
reaction time, 1 mol/L MgCl2 solution and 1 mole/L PO43- solution were added based on
a pre-designed molar ratio. All the BOD bottles were capped and well-sealed, then placed
on a magnetic stirrer with multiple sites (IKA Werker, Staufen, Germany), which
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provided identical speeds for mixing all reactors (Figure 2.1) at designated temperatures
(Table 2.1). The reaction times were set for 240 min which were sufficient for struvite
formation to reach equilibrium for the pH, temperature and molar ratio experiments, and
at seven different levels for the reaction time experiments.

Figure 2.1. Magnetic stirrer with multiple sites and 8 BOD bottles.

In the reaction time experiment, 200 mL of digested dairy manure effluent was
transferred into each BOD bottle. A given amount of MgCl2 solution and PO43- solution
were added to adjust the initial Mg2+:PO43-:NH4+ molar ratio to be 1:1:1 and 1.3:1.3:1.
Meanwhile, the molar ratios of all the control reactors were not adjusted.
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2.2.5

Sample Preparation and Nutrient Analysis

Samples, which contained huge amounts of suspended solids and were dark in color,
were taken from anaerobically digested dairy manure in the reactors before and after the
struvite precipitation experiments for phosphate and ammonium concentration
measurement. Sample preparation for nutrient analysis consisted of centrifugation and
filtration. The samples were collected in 1.5 mL microfuges and then centrifuged in a
centrifuge (Model Eppendorf 5415D, Hauppauge, NY) (Figure 2.2) at 10,000 rpm for 15
min. The supernatants were transferred to new 1.5 mL microfuges, and then the same
type of centrifuge was repeated. The supernatants were finally filtered through 0.45 μm
membrane filters into 1.5 mL microfuges.

Figure 2.2. Left: Manure samples after filtration. Right: eppendorf 5415D centrifuge.

For the reaction time experiment, the reaction solutions were sampled with an air
displacement pipette (Thermo Scientific, West Palm Beach, FL) at 3, 6, 10, 20, 30, 60
and 120 min after the start of experiment. After each sample was taken, it was
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immediately forced through a 0.45-μm membrane filter (Macherey-Nagel, RC-45/25,
Bethlehem, PA) by a disposal syringe. To stop the struvite reaction, 20 μL of 6 M HCl
solution was immediately added into the filtrate. The sampling and filtering process took
less than 20 s.

The nutrient concentrations of filtrates were determined by the colorimetric methods
(USEPA Nessler Method and USEPA PhosVer 3 Method) using a UV-Visible Recording
Spectrophotometer (Cary 300, Santa Clara, CA). Each nutrient concentration
measurement was duplicated except for the data of the reaction time experiment.

Because the concentrations of ammonium in the manure effluent were much higher than
those of phosphate, the ammonium removed by struvite formation only accounted for a
small portion of the total ammonia nitrogen if no phosphate was added. Therefore, only
the phosphate concentration was measured to evaluate the performance of struvite
crystallization in this study.

2.2.6

Calculation of Nutrient Removal

The nutrient removal efficiency was calculated using:

E

(CO  C f )
CO

Where:
E

Nutrient removal efficiency (%)

Co

Initial nutrient concentration (mg/L)

Cf

Final nutrient concentration (mg/L)

100

(2.2)
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The standard errors of experimental results were expressed as error bars in the figures.

2.3

Results and Discussion
2.3.1

Effect of pH

The effect of pH on phosphate removal from anaerobically digested dairy manure
through struvite formation at pH ranging from 7 to 10 demonstrated that, at room
temperature (25 oC), the phosphate removal efficiency was extremely low at pH 7.0 and
increased with the increase of pH following a nearly linear pattern until the pH reached
8.5 (Figure 2.3). Within pH range between 7.0 and 8.5, the phosphate removal efficiency
was enhanced dramatically, from 10% to 56%. Further increases in pH to 10 caused a
slight decrease in removal efficiency from 56% to 45%. The two highest PO4-P removal
(minimum struvite solubility) occurred at pH 8.5 (56%) and 9.0 (52%). Two regression
trend lines were generated based on the experimental data set (Figure 2.3).

Phosphate removal efficiency (%)

60

y = 33.478x - 228.07
R² = 0.9737

50
40

y = -5.2989x + 100.75
R² = 0.9248

30

20
10
0
6.5

7.5

8.5

9.5

10.5

pH

Figure 2.3. Effect of initial pH on phosphate removal from anaerobically digested dairy
manure at 25oC after equilibrating for 240 min of forming struvite.
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Based on the dissociation of phosphate (Eq. 2.3–2.5), HPO42- is the dominant form when
pH is 8.5. Under same pH condition, ammonium ion is the dominant production of
ammonium dissociation (Eq. 2.6). Those forms can directly participate in the struvite
formation reaction. Therefore, this suggested that pH influence struvite precipitation
reaction by affecting the dissociation of phosphate salts and ammonium.

H3PO4

H2PO4- + H+

pKa = 2.1

2.3

H2PO4-

HPO42- + H+

pKa = 7.2

2.4

HPO42-

PO43- + H+

pKa = 7.2

2.5

NH4+

NH3 + H+

pKa = 9.3

2.6

The results of this experiment using digested dairy manure agreed well with the findings
of other researchers using different wastes. Yoshino et al. (2003b) observed that the
optimum pH for recovery of phosphate as struvite from artificial and actual supernatants
in anaerobic digestion was 8.5. Chimenos et al. (2003) found that pH value around 8.5–
9.0 was considered as optimum in order to remove phosphate as struvite precipitated
compounds from wastewater from cochineal insects processing. In the study of struvite
precipitation in anaerobic swine lagoon liquid, Nelson et al. (2003) reported that the
solubility of struvite decreased in a pH range from 7.5 to 9.0 but increased at higher pH;
and the pH for minimum struvite solubility was between 8.9 and 9.25. However, results
of this study disagreed with Ohlinger et al. (1998), who experimented with chemicals,
instead of actual wastewater, and predicted minimum struvite solubility at pH 10.3.
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Based on the current experimental results, the pH required for effective phosphate
recovery from anaerobically digested dairy manure through struvite precipitation at 25 °C
should be at least above 8.0. Because the original pH of anaerobically digested dairy
manure effluent is typically less than 8.0, pH adjustment is highly recommended for
struvite formation. The operational pH should be controlled around 8.5. A pH value
higher than 9.0 is not recommended because it increases the cost of alkali chemicals and
the cost of acid for neutralizing the manure after treatment. Most importantly, a pH value
that is higher than 8.5 up to 10.0 will decrease the phosphate removal efficiency.

2.3.2

Effect of Temperature

The phosphate removal efficiency at pH 8.5 increased from 32% to 50% when the
reaction temperature was raised from 4 to 25 °C (Figure 2.4). The removal efficiency
continued to improve to 55% when the temperature was raised to 37.5 °C. This positive
correlation between the temperature and the phosphate removal rate was in agreement
with Zeng et al. (2006), who found that the phosphate removal efficiency increased
moderately at temperatures between 5 and 50 °C for struvite formation from
anaerobically digested cattle manure. However, there has been a number of disputing
experimental results in the academic world concerning the influence of temperature on
struvite precipitation (Schuiling and Andrade, 1999) .

The results in this study show clearly that low temperature such as 4 °C can decrease the
PO43- removal efficiency through struvite precipitation, which implies that the phosphate
concentration is expected to be higher during winter time in outdoor manure storage. This
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might be due to the lower level of molecular movement at lower temperature. On the
other hand, the influence of temperature between 25 and 37.5 °C on struvite precipitation
is less significant, which suggests that further heating may not be necessary because the
manure at the outlets of mesophilic anaerobic digesters is typically at about 37 °C.
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Figure 2.4. Effect of temperature on phosphate removal efficiencies (mean±standard
deviation) from anaerobically digested dairy manure at pH 8.5 after equilibrating for 240
min of struvite formation.

2.3.3

Effect of Mg2+:PO43- Molar Ratio

In the experiment of Mg2+:PO43- molar ratio on phosphate removal at 25 °C and pH 8.5, it
was found that increasing the Mg2+:PO43- molar ratios from 3 to 5, from 5 to 8, and from
8 to 10 resulted in significant increases (P<0.01) in phosphate removal efficiencies
(Figure 2.5). The increase in removal efficiencies was less significant (P>0.01 but <0.05)
when the Mg2+:PO43- molar ratios increased from 10 to 15 and from 15 to 20.
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Figure 2.5. Effect of initial Mg2+:PO43- molar ratios on phosphate removal efficiencies
(mean±standard deviation) from anaerobically digested dairy manure at 25 °C and pH 8.5
after equilibrating for 240 min of struvite formation.

As indicated in the struvite formation equation, the required stoichiometric value of the
Mg2+:PO43-:NH4+ ratio equals to 1. Because the molar concentration of ammonium in
manure effluents was noticeably higher than that of phosphate, the theoretical phosphate
removal efficiency should be 100% at the Mg2+:PO43- molar ratio of 1. However, the
removal efficiency, as indicated in Figure 2.5, was considerably lower than 100% at
experimental Mg2+:PO43- molar ratios much greater than 1. For example, the removal
efficiency was about 35% when this ratio was 3 and maximized at 67% at a ratio of 20.
Apparently, a relatively high Mg2+:PO43- molar ratio was required for achieving an
effective phosphate removal by struvite formation when magnesium salt was the only
chemical that was introduced into anaerobically digested dairy manure. This result
disagrees with the another study in which a Mg2+:PO43- molar ratio of 1.6 resulted in a
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phosphate recovery efficiency of 91% when swine lagoon liquid was used (Nelson et al.,
2003)

However, it is obvious that there might be some inhibitors that retard the struvite
precipitation from manure, such as the high suspended solids content and the extremely
complicated matrix in anaerobically digested manure. Schuiling and Andrade (1999)
reported that as long as the total suspended solids (TSS) is above 1000 mg/L, TSS
interfered with struvite formation. Because the TSS of the manure effluents used in this
study was over 15,000 mg/L, it was possible that the TSS restricted struvite formation
drastically.

Additionally, the high ionic strength in the anaerobically digested dairy manure might be
another factor that influenced the struvite precipitation potential. In this case, it became
more difficult for Mg2+, PO43- and NH4+ ions to encounter and bond together because the
electrostatic interactions of ions in the manure could reduce their activity or effective
concentrations, which thereby could reduce struvite formation potential (Ohlinger et al.,
1998). Furthermore, it was observed by Wang et al. (2005) that calcium was the major
competing ion in struvite formation. Because the calcium concentration in dairy manure
is typically high, it is considered as a significant factor that could affect struvite
formation by competing for PO43- with Mg2+ ions.

Therefore, a fairly high Mg2+:PO43- molar ratio is necessary for struvite crystallization
from anaerobically digested dairy manure effluents. This is definitely a challenge for

30
phosphate recovery from dairy manure because it would considerably increase the cost of
adding magnesium salt. However, when phosphate was also introduced into digested
manure with magnesium, the required Mg2+:PO43- molar ratio approached the
stoichiometric value of 1 for reaching a similar or higher phosphate removal efficiency,
as is discussed in the following section.

2.3.4

Effect of Mg2+:PO43-:NH4+ Molar Ratio

It was found that, based on the results of groups of control, 0.5:1:1, 1:1:1 and 1.3:1:1,
when PO43- and NH4+ were kept at equimolar concentrations, the ammonium removal
efficiency increased dramatically from 11% (control in which molar ratio was not
adjusted) to 86% (1.3:1:1) with the increase of Mg2+ molar concentration (Figure 2.6).
Correspondingly, the phosphate removal efficiency increased from 44% to 99%.
Additionally, the data of groups of control, 1:0.5:1, 1:1:1 and 1:1.3:1 showed that when
Mg2+ and NH4+ were kept at equimolar concentrations, ammonia removal efficiency
increased significantly from 11% (control) to 94% (1:1.3:1) with the increase of PO43molar concentration. In the meantime, the phosphate removal efficiency increased from
44% to 94%. In general, when the initial Mg2+:PO43-:NH4+ molar ratio was 1.3:1.3:1,
which means both magnesium and phosphate were slightly in excess, the optimum
nutrient removal efficiency was achieved. This result agreed well with the finding of
Celen et al. (2001) that slight excesses of M and P were necessary for optimum ammonia
nitrogen recovery from anaerobic digester effluents.
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Theoretically, molar amounts of phosphate and ammonium required for struvite
formation are equal. Because the concentration of ammonium in the anaerobically
digested dairy manure was much higher than that of phosphate, only small portion of the
total ammonia nitrogen was removed through struvite precipitation in the experiments
without addition of phosphate. For instance, the original PO43-:NH4+ molar ratio in the
dairy manure used in this study was less than 0.01, which implied that ammonium
removal efficiency through struvite formation was less than 1%. In order to achieve
higher ammonium removal efficiency, both magnesium and phosphate should be added
to manure effluents to increase struvite yield.
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Figure 2.6. Effect of the initial Mg2+:PO43-:NH4+ molar ratio on nutrient removal
efficiencies (mean±standard deviation) from anaerobically digested dairy manure at
25 °C and pH 8.5 after equilibrating for 240 min of struvite formation.
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As discussed in the previous section, the Mg2+:PO43- molar ratio required for struvite
formation was much higher than the theoretical value, when phosphate was not added to
manure effluents. In contrast, the current experiments with addition of both phosphate
and magnesium achieved higher phosphate removal efficiency at a considerably lower
Mg2+:PO43- molar ratio of 1.3. Meanwhile, high ammonium recovery efficiency was also
achieved in this case. However, the absolute value of residual phosphate in this
experiment was much higher than the previous one due to very high initial phosphate
concentration resulted from addition of phosphate, although the removal efficiency was
as high as 98%. For instance, the concentration of residual phosphate was about 140
mg/L when the initial Mg2+:PO43-:NH4+ molar ratio equaled to 1.3:1.3:1. It was mostly
because a higher driving force, such as Mg2+:PO43-:NH4+ molar ratio, was required for
achieving a lower residual phosphate concentration in the previous experiments discussed
in section 2.4. On the other hand, the added phosphate was more accessible to struvite
precipitation than those which came from complicated manure matrix. The soluble
phosphate in manure effluents could be tied with particulate phosphorus, colloidal forms
as well as sediment particles, which could make it unavailable to struvite crystallization.

Although adding phosphate to manure effluents increased struvite yield and thus the
nutrient recovery efficiency, the costs of phosphate should be taken into consideration.
This treatment option can make struvite formation a feasible technology as long as a low
cost phosphate source is accessible or the profits of selling the struvite surpass its
production costs.
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2.3.5

Effect of Reaction Time

The results of reaction time study demonstrated that the phosphate and ammonium
residual concentration reached their equilibrium values in a few minutes and remained
almost constant during the rest of the reaction period (Figure 2.7). For example, after 3
min reaction, the ammonium concentration of manure in the reactor where Mg2+:PO43:NH4+ molar ratio equaled to 1.3:1.3:1 reached 322 mg/L and stayed at more or less
constant for the remaining reaction period. Compared with the control group, the data of
treatment groups indicates that the initial nutrient removal rates increased with the
increase of Mg2+:PO43-:NH4+ molar ratio, although the final removal efficiencies for
different nutrients varied.

The reaction time study results of this experiment were in agreement with the work of
other authors. Celen et al. (2001) reported that the rate of struvite formation from
anaerobic digester effluents was very fast and could complete in minutes after the mixing
with phosphate and magnesium salts. Also, Straful et al. (2001) found that as the reaction
time increased from 1 to 180 min, there was a negligible influence on crystallization of
struvite. Similarly, Shin et al. (1998) suggested 10 minutes reaction time for effective
nutrients removal. Based on the current experimental results, an operation reaction time
of 10–30 min is sufficient for achieving maximum nutrient removal through struvite
formation from anaerobically digested dairy manure.

34

Residual phosphate (mg/L)

12000

Control
1:1:1
1.3:1.3:1

10000
8000
6000
4000
2000
0
0

20

40

60

80

100

120

Reaction time (min)

Residual ammonium (mg/L)

1400

Control
1:1:1

1200

1.3:1.3:1

1000
800
600
400

200
0
0

20

40

60

80

100

120

Reaction time (min)

Figure 2.7. Comparison of the effect of reaction time on nutrient removal between the
control and two initial Mg2+:PO43-:NH4+ molar ratios at 25 °C and pH 8.5 through struvite
formation.
Top: phosphate. Bottom: ammonia.

In addition, it was also found that lower residual ammonium concentration occurred
when both magnesium and phosphate were slight excess; however, a little bit higher
residual phosphate concentration was observed in this case due to the higher initial
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phosphate concentration. These results were consistent with findings presented in the
previous section.

2.4

Conclusions

The following conclusions for nutrient removal by struvite precipitation in anaerobically
digested dairy manure were drawn from this study:

1. The optimal manure pH for high phosphate removal efficiency was 8.5 within the
range from pH 7.0 to pH 10.0 and with an increment of 0.5 in the experiment. The
phosphate removal efficiency was extremely low at pH 7.0 and increased sharply
with the increase of pH until pH reached 8.5. A slight decrease in removal efficiency
occurred from pH 8.5 to pH 10.0. To achieve the best phosphate removal efficiency,
the operation pH should be controlled to close to 8.5.

2. Low temperature such as 4 °C could decrease the phosphate removal efficiency. The
influence of temperature on removal efficiency was less significant between 25 to
37.5 °C. The acceptable operation temperature can be between 20 and 40 °C.

3. A Mg2+:PO43- molar ratio about 8 times higher than the stoichiometric value of 1 was
required to achieve phosphate removal efficiency above 50% in the experiments
without addition of phosphate.

36
4. The optimum phosphate and ammonium removal efficiency was achieved when the
initial Mg2+:PO43-:NH4+ molar ratio was adjusted to 1.3:1.3:1, which means both
magnesium and phosphate were slightly greater than the stoichiometric value.

5. The phosphate and ammonium residual concentration reached their equilibrium
values in less than 10 minutes and remained almost constant during the rest of the
reaction period. Although the final removal efficiencies for different nutrients varied,
the initial nutrient removal rates increased with the increase of Mg2+:PO43-:NH4+
molar ratio from 1:1:1 to 1.3:1.3:1.

6. Struvite formation can be developed to a feasible technology for nutrient recovery
from anaerobically digested dairy manure, as long as a low cost phosphate source is
accessible or the profits of selling the struvite surpass its production costs.
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CHAPTER 3. EFFECT OF STRUVITE FORMATION OF ANAEROBICALLY
DIGESTED DAIRY MANURE ON GAS RELEASES

3.1

Introduction

Environmental friendly utilization and management of animal manure are significant
challenges to the livestock industries. It was estimated that the annual production of
animal manure is about 160 million tons (dry basis) in the United States alone (Wen et al.,
2005). Currently, one of the common methods of manure management is lagoon storage
before land application. However, manure decomposition was reported to be a source of
130 gases, of which ammonia (NH3), hydrogen sulfide (H2S), carbon dioxide (CO2), and
methane (CH4) are among those posing the greatest environmental concerns (Hartung and
Phillips, 1994). Ammonia is originated from microbial decomposition of the organic
nitrogen compounds in manure. Ammonia is not only noxious and odorous, but is also of
great environmental concern because it contributes to the acidification of soil and to
nitrogen deposition in ecosystems. Moreover, it is a precursor to aerial nitrous oxide
(N2O) and secondary particles (Clemens and Ahlgrimm, 2001; Hallquist et al., 2009).
Hydrogen sulfide is a colorless but potentially lethal gas produced in the anaerobic
decomposition of manure, as a result of organic sulfur compounds mineralization and
oxidized inorganic sulfur compounds reduction (USEPA, 2001). It is toxic and
considered as the most dangerous gas in manure storage (Ni et al., 2012). Hydrogen
sulfide is odorous, and has been responsible for many animal and human deaths in animal
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facilities. Carbon dioxide (CO2), originating from manure degradation as well as from
animal respiration, is considered as an important gas in animal facilities. Methane (CH4)
is one of the major gases released from manure stored in the lagoon, resulting from
anaerobic digestion. Carbon dioxide (CO2), CH4 and N2O are well known greenhouse
gases (GHG) responsible for global climate changes. The agricultural sector in the United
States was reported to be responsible for 7.4% of total U.S. greenhouse gas emissions in
2005 (USEPA, 2007).

Struvite precipitation can be applied to nutrient removal from agricultural waste such as
swine lagoon liquid (Nelson et al., 2003), calf manure (Schuiling and Andrade, 1999),
and pig manure (Ren et al., 2010). The results of the study described in Chapter 2 showed
that it could be a potential technology for N and P recovery from anaerobically digested
dairy manure. It is expected that crystallization of struvite can effectively remove NH4+,
resulting in decreased NH3 concentration in liquid and thereby the release of NH3 into the
air. However, this expectation has not yet been proved through experimental studies.
Further one word more, knowledge concerning the effect of struvite formation on
releases of N2O, CH4, CO2 and H2S from anaerobically digested dairy manure to the
ambient environment is lacking.

A laboratory storage test studying the characteristics of gas releases as affected by
struvite formation was conducted using anaerobically digested dairy manure in eight
reactors. The objective of this Chapter was to investigate the effect of struvite
precipitation on environmental air quality during long time manure storage. More
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sepecifically, it was to evaluate the effect of struvite crystallization on 1) temporal
patterns and 2) inter-reactor variations of the releases of NH3, H2S, CO2, CH4 and N2O
from anaerobically digested dairy manure under experimentally-controlled conditons.

3.2
3.2.1

Materials and Methods

Dairy Manure and Manure Preparation

The anaerobically digested dairy manure used in this experiment was from a commerical
dairy farm in Indiana, USA. The manure was collected from the liquid fraction after
liquid-solids separation of effluent of a plug-flow anaerobic digester. A manure sample
was taken and sent to the Midwest Laboratory (Omaha, NE) to analyze its chemical and
physical properties (Table 3.1). After collection, the manure was transported to Purdue
University immediately.

Before the experiment started, the manure was transferred into a container where it was
continuously stirred by a motor-powered propeller to maintain the mixture homogeneity.
manure were evenly distributed into eight reactors while being mixed (Figure 3.1). Each
reactor was initially filled with 40.5 L of manure with a depth of 35.6 cm. After filling,
four different treatment options were applied to these reactors (Table 3.2), and each
treatment option had two reactors replications.

Magnesium chloride (MgCl2) (ACS powder, Aldrich Chemistry, St. Louis, MO) and
99.0% disodium phosphate (Na2HPO4) (ACS reagent, Macron Fine Chemicals, Center
Valley, PA) were added into treatment reactors (R3–R8) to achieve the designed initial
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Mg2+:PO43-:NH4+ molar ratio. At the same time, 97.0% NaOH (ACS pellets, SigmaAldrich, St. Louis, MO) was added into R7 and R8 to adjust the initial pH to the optimum
value of 8.5 determined in Chapter 2. Eight hours were given for chemical dissolution
and equilibration of struvite formation before the experiment began.

Table 3.1. Chemical and physical properties of anaerobically digested dairy manure
effluent from Fair Oaks Dairy Farm.
Item
Value
Ammonia nitrogen (total), ppm
1570
Organic nitrogen, ppm
1100
Total Kjeldahl nitrogen (TKN), ppm
2620
Phosphorus (as P2O5), ppm
838
Potassium (as K2O), ppm
2000
Sulfur (total), ppm
212
Calcium (total), ppm
1090
Magnesium (total), ppm
665
Sodium (total), ppm
557
Copper (total), ppm
15
Iron (total), ppm
63
Manganese (total), ppm
12
Zinc (total), ppm
15
Moisture, %
96.8
Total solids, %
3.2
Total salts, ppm
5500
pH
8.2

Table 3.2. Overview of treatment options for the eight reactors.
Treatment
Initial Mg2+:PO43-:NH4+ Initial pH
Reactor
Chemicals added
Group
(mol:mol:mol)
control
Control
R1 and R2
Control
No
No
Na2HPO4
Treatment A
R3 and R4
1:1:1
No
MgCl2
Na2HPO4
Treatment B
R5 and R6
1.3:1:1
No
MgCl2
Na2HPO4
Treatment C
R7 and R8
1.3:1:1
Yes, pH=8.5
MgCl2&NaOH
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3.2.2

Experimental Setup

The experiment was conducted with eight reactors marked as R1–R8. Each reactor was
61.0 cm high and 38.1 cm in diameter, made of white PVC (Figure 3.1). In the center of
each top cap, there was an air inlet pipe made of stainless steel, at the end of which the
fresh incoming air was deflected horizontally in the headspace of the reactor by a baffle.
There were an air outlet and a manure sampling port on the top lip of each reactor.

From air supply

To gas concentration
measurement

Manure port
Top cap

Reactor
pH measurement

pH measurement

61cm

Manure

Bottom cap
38.1cm

Figure 3.1. Schematic of the reactor.
Adapted from Zhang (2013).

The reactors were set up in a temperature-controlled walk-in chamber at 21 °C. To
stimulate dairy manure storage conditions in uncovered lagoons, 6.5 L/min of fresh air
was continuously supplied to each reactor by an air supply system, consisting of an air
compressor, two oil filters, a charcoal filter, two pressure regulators, a drum-shaped
manifold and eight precision orifices (Figure 3.2). Two sensors were installed inside the
air supply manifold to monitor pressure, and relative humidity and temperature.
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Figure 3.2. Schematic of the test setup.
Adapted from Ni et al. (2009).

The exhaust air from each reactor was sampled for 10 min by a sampling system which
consisted of 6.35-mm inside diameter Teflon tubing, a set of Teflon filters, a set of 3-way
solenoids, a stainless steel mass flow meter, and two Teflon manifolds (Figure 3.2).
Sequencing of reactor outlet air to the sampling manifold was controlled by a desktop
computer through a three-way solenoid on each of the nine air streams including eight air
streams from eight reactors and one air stream from the fresh air supply system which
was used to check background gas concentrations (Figure 3.2). The monitor and control
system which consisted of a desktop computer, data acquisition and control hardware and
data monitoring and acquisition software AirDAC (Figure 3.3) was applied to acquire all
on-line measurement signals, including signals from three gas analyzers, every second
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(Ni and Heber, 2010). The acquired signals were processed, averaged every 15 sec and
60 sec, and saved into two separated data files.

Figure 3.3. Real-time display of measurement variables in the data acquisition and
control computer.

3.2.3 Gas Concentration Measurement
Gas concentrations in the reactor exhaust air and reactor inlet air were analyzed from day
0 to day 80 with three gas analyzers. Concentrations of NH3, CH4 and CO2 were
measured with a photoacoustic multigas monitor Innova (Model 1412, AirTech
Instruments, Ballerup, Denmark). Concentrations of H2S were measured by a pulsed
fluorescence SO2-H2S-CS analyzer (Model 450i, Thermo Electron Co., Franklin, MA). A
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gas concentration analyzer (Model 320EU, Teledyne Advanced Pollution Instrumentation,
San Diego, CA) was used for N2O measurement (Figure 3.4). All the gas analyzers were
checked weekly with certified zero air and calibration gases (Praxair, Indianapolis, IN)
and using a gas diluter (Model S-4040, Environics, Tolland, CT) before and throughout
the experiment.

Figure 3.4. Left: Reactors filled with dairy manure under storage experiment. Right: Air
sampling and measurement system.
One of the multigas analyzers and the zero air generator were not used in this study.
Source: Zhang (2013).

3.2.4

Measurement of pH, ORP and Temperature

A relay system was installed for automatic online monitoring of pH and oxidation
reduction potential (ORP) of manure in this experiment. In this setup, sixteen relays were
connected to two 2-wire pH/ORP transmitters (model pH 500, Eutech Instruments,
Vernon Hills, IL). A group of eight relays shared one transmitter and each relay was
connected with one single self-cleaning pH electrode (part number 27003-12, ColeParmer, Vernon Hills, IL), which allowed a total of sixteen pH probes to be installed in
eight reactors (Figure 3.5). In each reactor, one probe was fixed at 5 cm from the bottom
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to measure the pH of manure in the bottom layer, and another one was attached to air
inlet pipe to measure pH of manure in the top layer at 2.5 cm from the surface. A third
probe was also installed aside the top pH probe to measure temperature. The locations of
the top pH probe and temperature meter were adjusted as the manure height decreased
during the experiment due to water evaporation. Two self-cleaning ORP electrodes (part
number 27003-40, Cole-Parmer) were installed in the control reactors to measure ORP of
the top layer manure.

Figure 3.5. Relay system: 16 relays and 4 transmitters for pH and ORP measurement.

Before the experiment started, a two-point calibration was performed for all pH probes
with pH 7.0 and pH 10.0 buffer solutions (Reference Standard Buffers, BDH, Radnor,
PA). The ORP probes were calibrated using a 215-mV buffer solution (BDH, Radnor,
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PA). A two-point calibration was also conducted on all temperature sensors with 19.9 °C
and 52.3 °C DI water.

3.2.5

Manure Sampling for Ammonium and Phosphate Measurement

Two manure samples were taken from each reactor for ammonium and phosphate
concentration measurement every week since the beginning of the 3 rd week. One weekly
sample was taken from the top manure layer at 2.5 cm below the surface and another one
was taken from the bottom manure layer at 5.0 cm above the bottom. Sampling tools
were 10 mL plastic pipettes connected to extension tubing. The height of the manure in
every reactor was measured with a ruler before manure sampling. According to the latest
manure height, each sampling tool was marked to ensure the correct sampling locations.
Each sample was stored in 14 mL culture tubes (Part No. 60818-703, VWR), containing
5 to 10 mL manure (Figure 3.6).

Figure 3.6. Left: Large centrifuge. Right: Manure samples before centrifugation.
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3.2.6

Ammonium and Phosphate Analysis

The samples taken from the reactors contained a huge amount of suspended solids and
were dark in color. Sample preparation for nutrient analysis consisted of centrifugation
and filtration. The manure samples were collected in 14-mL microfuges, and were then
centrifuged in a large centrifuge (Figure 3.6) at 3,000 G for 30 min. Once centrifuged,
each sample was then put into 1.5-mL microfuges that were then centrifuged in a smaller
centrifuge at 8161 G for 15 min (Figure 2.2). The supernatants were transferred to new
1.5-mL microfuges, and then the same type of centrifuge was repeated. The supernatants
were finally filtered through 0.45-μm membrane filters into 1.5-mL microfuges (Figure
2.2).

The nutrient concentrations of filtrates were determined by the colorimetric method
which was described in Section 2.2.4.
3.2.7

Gas Release Calculation and Data Analysis

Gas release is a process in which gas transfer from the liquid manure to the headspace in
the reactor. The rate of gas release from the manure surface to the free air space was
calculated using Eq. (3.1), which converts the volumetric concentration to mass
concentration using the Ideal Gas Law.
RR  Q 

PM
 (CO  Ci )
R  (273  T )

Where:
RR

Reactor gas release rate (mg/min or µg/min)

Q

Reactor airflow rate at T (L/min)

P

Pressure at the exhaust sampling location (atm)

(3.1)
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M

Gas molecular weight (g/mol)

R

Universal Gas Constant (0.08206 L-atm/mol-°K)

T

Reactor air temperature (°C)

Co

Reactor exhaust gas concentration (ppm or ppb)

Ci

Reactor inlet gas concentration (ppm or ppb)

When comparing the gas releases between the groups of reactors, the “average daily
mean” (ADM), which was the averaged n daily mean gas releases in a reactor, was used.
The n was 81 for ammonia and 79 for all other gases. The “group ADM” was the mean of
ADMs of the two reactors in the control or treatment groups. The statistical significance
between the control and treatment groups was analyzed by first obtaining the daily means
of the two reactors in each group, then using t-test to analyze two sets of the daily means
from two control/treatment groups.

3.3

Results and Discussion

3.3.1

Overview of Manure pH

The data of the pH monitoring conducted within all eight reactors during this experiment
indicated both temporal and spatial differences between the top and bottom layer pH for
control group (R1–R2) and treatment groups (R3–R8) (Figure 3.7 to Figure 3.10). At the
beginning stage of the experiment (days 0–1), the pH of reactors containing the treated
manure source (R3–R8) in which MgCl2 and Na2HPO4 were added for promoting struvite
formation were about 1 pH unit lower than of the control reactors (R1–R2) except for R7
and R8 in which NaOH were included for initial pH adjustment. It was mainly because
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MgCl2 was slightly acidic (Burns and Moody, 2002). This result was in good agreement
with the findings of bench-scale experiments in Chapter 2.

However, there were several similarities in the pH variations for manure in the control
group and treatment groups. The pH of the top layer manure remained higher than that of
the bottom layer manure for almost all the reactors during the whole experiment (Table
3.3). The average pH difference between the top layer manure and the bottom layer
manure ranged from 0.7 (R5) to 1.8 pH units (R4). Factors that contributed to this pH
variation could include differences in both microbial community structures and chemical
composition of top layer exposed to air in the headspace and bottom layer under complete
anaerobic condition (Lovanh et al., 2009; Blanes-Vidal and Nadimi, 2011).

Table 3.3. Mean ± standard deviation of manure pH from top and bottom layers in each
reactor.
Reactor
Top pH
Bottom pH
1
8.2±0.2
7.3±0.1
2
8.6±0.4
7.6±0.0
3
8.2±0.4
7.3±0.1
4
9.0±0.3
7.2±0.1
5
8.1±0.5
7.4±0.1
6
8.8±0.4
7.3±0.1
7
8.6±0.5
7.4±0.1
8
8.4±0.5
6.8±0.2

Also, for all eight reactors, the bottom layer manure pH values tended to remain constant
while the top layer manure pH values varied periodically throughout the storage
experiment (Figure 3.7 to Figure 3.10). Statistical analysis indicates that the standard
deviations of bottom layer manure pH ranging from 0.0 to 0.2 were fairly smaller than
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the top layer manure ranging from 0.2 to 0.5 (Table 3.3). These differences were partially
results of the weekly maintenance work throughout the experiment. The locations of the
bottom pH probes were fixed; however, the heights of top pH probes were adjusted
according to the decreasing manure height weekly. It was observed that the real-time pH
values displayed in the computer fluctuated profoundly after the height adjustment of the
pH probes. The movement of pH probes induced changes of the top layer manure pH,
which implied that there were pH gradients in the bulk manure even within small
distances.
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Figure 3.7. Temporal patterns of manure pH in the top and bottom layers in control
reactors.

51

R3 T

R4 T

R3 B

R4 B

10.0
9.5
9.0

pH

8.5

8.0
7.5
7.0
6.5
0

20

40
Test day

60

80

Figure 3.8. Temporal patterns of manure pH in the top and bottom layers in treatment A
reactors.
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Figure 3.9. Temporal patterns of manure pH in the top and bottom layers in treatment B
reactors.
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Figure 3.10. Temporal patterns of manure pH in the top and bottom layers in treatment C
reactors.

The average pH value of top layer manure varied from 8.1 to 9.0, which had an effect on
ammonia release, as discussed in more details later on. The average pH value of bottom
layer manure ranged from 6.8 to 7.6, which was within the optimum pH range for
anaerobic digestion (Atandi and Rahman, 2012).

3.3.2

Nutrient Concentrations in the Manure

3.3.2.1 Ammonium Concentration in the Manure
The manure collected at the anaerobic digester had an initial ammonium concentration of
1570 mg/L. Once the manure effluent was filled into reactors and treated with different
chemical options, the ammonium concentration in the liquid phase fluctuated during the
storage (Figure 3.11). After chemical additions for struvite promotion, the average
ammonium removal efficiency of the three treatment groups was 56.9%, which was
higher than 20.7% of the control group. Therefore, the ammonium concentrations of
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manure in chemically-treated groups (R3–R8) were lower than that in the control group
in both top and bottom layers, as shown in Figure 3.11. In addition, the ammonium
concentrations in the treatment groups tended to have less fluctuation than those in the
control group during the experiment.
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Figure 3.11. Temporal patterns of ammonium concentrations of manure liquid in the top
(top graph) and bottom layers (bottom graph) in all reactors.
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For the control group (R1–R2), the ammonium concentrations of top layer manure
declined from the initial 1570 mg/L concentration to the end of the experiment. However,
this decrease trend was not observed in the bottom layer manure in the same reactors.
Also, the average ammonium concentration of top layer manure, 1107 mg/L, was lower
than that of bottom layer manure, which was 1440 mg/L. The reason for this could be that
the ammonia release contributed to the loss of ammonium concentration in the top layer
manure as a result of exposure to fresh air in headspace and favorite pH range for
ammonia emission (pH 7.7–10.0).

For the treated groups (R3–R8), after the struvite formation reached equilibrium, the
ammonium concentrations in both top layer and bottom layer manure were inclined to be
steady after a substantial decrease in the first three weeks (Figure 3.11). For the top layer
manure within treated groups, there was no significant difference of ammonium
concentration observed. However, in the bottom layer manure, the average ammonium
concentration of 876 mg/L in Treatment Group A (R3 and R4) was higher than that of
769 mg/L in Group B (R5 and R6) and that of 761 mg/L in Group C (R7_and R8). This
difference was statistically significant (p<0.01). This suggested again that a component
molar ratio that is slightly higher than the theoretical value can improve the ammonium
removal through struvite formation.
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3.3.2.2 Phosphate Concentration in the Manure Liquid
The initial phosphate concentrations of manure in the treatment groups (R3–R8) were
much higher than that in the control group (R1 and R2), because 419.23 g Na2HPO4 were
added to each reactor in the treatment groups and raised the phosphate concentration to
6914 mg/L. After the process of struvite formation reached equilibrium, however, the
average phosphate concentrations of manure in Treatment Group B (R5 and R6) and C
(R7 and R8) were as low as that in the control group (Figure 3.12). Although the group
ADM phosphate concentration of 548 mg/L in bottom layer manure in Treatment Group
A (R3 and R4) was much higher than that in other groups, a high phosphate removal rate
of 92% through struvite precipitation was observed. This result again agreed well with
findings of Chapter 2.

In general, the phosphate concentrations in top layer manure had a tendency to be lower
than those in bottom layer manure. This could be a result of differences in microbial
population and chemical composition. For example, the dissolution of the struvite and
other settled solids could contribute to higher phosphate concentration in the bottom layer
manure. For the top layer manure, the average phosphate concentration of 78 mg/L in
Treatment Group A was higher than that in other treatment groups which were around 28
mg/L. In addition, similar case was also observed in bottom layer manure (Figure 3.12).
Therefore, this result indicates that higher Mg2+:PO43-:NH4+ molar ratio can improve
phosphate removal rate through struvite crystallization.
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Figure 3.12. Temporal patterns of phosphate concentration of manure liquid in the top
(top graph) and bottom (bottom graph) layers in all reactors.

3.3.3

Overview of Gas Releases

The total quantities of gases from each reactor during the entire experiment show
distinguishable differences between the reactors within the same group and among
different groups (Table 3.4). However, due to some invalidated data among different
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gases, the valid data days were 81 for NH3 and 79 for all other gases. Results from
statistical t-Test demonstrated that the three treatment groups significantly reduced
releases of all gases (P<0.05) compared with the control group, except for CO2 in
treatment group A (R3 and R4 and group B (R5 and R6) (Table 3.5).

Table 3.4. Total releases of gases in all reactors during the entire storage experiment
Reactor No.
NH3 (g)
N2O (g)
CH4 (g)
CO2 (g)
H2S (mg)
R1
23.1
0.85
77.3
346.1
3.8
R2
22.5
1.35
78.9
342.3
4.3
R3
16.7
0.55
71.6
359.3
4.2
R4
17.5
0.16
73.7
328.9
3.4
R5
15.0
0.30
71.5
349.2
3.8
R6
14.8
0.15
71.6
331.0
3.6
R7
14.9
0.02
72.3
320.5
3.2
R8
15.1
0.02
71.4
318.5
3.2
Note: the numbers of data days were 81 for ammonia and 79 for all other gases.

Table 3.5. P values (two-tail) from t-Test between the control group (R1 and R2) and the
three treated groups (R3 to R8)
Release of gas
R3 and R4
R5 and R6
R7 and R8
NH3
<0.05
<0.05
<0.05
N2O
<0.05
<0.05
<0.05
CH4
<0.05
<0.05
<0.05
CO2
0.992
0.668
<0.05
H2S
<0.05
<0.05
<0.05
Note: t-Test was conducted with two sets of 2-reactor daily means.

3.3.4

Ammonia Release

The mean NH3 release rates in each reactor ranged from 198.2 to 192.9 μg/min for
reactors in control group (R1 and R2) and from 127.2 to 150.4 μg/min for reactors in
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treatment groups (R3–R8) (Figure 3.13, Bottom). The average mean NH3 release rates
were 195.5 and 134.4 μg/min for control and treatment groups, respectively. Also, the
average total release of ammonia in treatment groups was 15.7 g, which was obviously
lower that of 22.8 g in control group (Table 3.4). These differences between control and
treatment groups was statistically significant (P<0.01). The mean NH3 release rate of 128
μg/min in Treatment Group B was 65.4% of that of 195.5 μg/min in control group. It
demonstrated that struvite formation can contribute to the reduction of ammonia release.

Daily variations in ammonia releases in the control group reactors were larger than those
in reactors of the treatment groups (Figure 3.13, Top). For instance, the ammonia release
rate of R1 in control group dropped from 297.8 μg/min on Day 1 to 50.61 μg/min at the
end of the study (Figure 3.13, Top). A similar trend was found for ammonium
concentration in the top layer manure liquid (Figure 3.11). However, this decreasing
pattern was not observed in the reactors of the treatment groups where ammonia release
tended to be more stable.

Within the treatment groups, Group B and C achieved better performance than group A,
in term of average NH3 release rate. It proves that a Mg2+:PO43-:NH4+ molar ratio higher
than the theoretical value of 1:1:1 can contribute to improvement of ammonia release
reduction.
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Figure 3.13. Top: Temporal patterns of daily mean ammonia releases during the entire
experiment. Bottom: Mean releases of ammonia with ± 95% confidence intervals in 8
reactors.

3.3.5

Nitrous Oxide Release

The mean N2O release rates in each reactor ranged from 7.51 to 11.84 μg/min for reactors
in control group (R1 and R2) and from 0.12 to 4.80 μg/min for reactors in the treatment
groups (R3–R8) (Figure 3.14, Bottom). The average mean N2O release rate of 1.7 μg/min
in the treatment groups was only 18.0% of that of 9.7 μg/min in the control group. In
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addition, the average total release of N2O in treatment groups was 0.2 g, which was much
lower that of 1.1 g in control group (Table 3.4). These differences between control and
treatment groups was statistically significant (P<0.01). The mean N2O release rate of 0.1
μg/min in Treatment Group C (R7–R8) was only 1.0% of that of 9.7 μg/min in control
group (R1 and R2). This indicates that struvite formation can reduce N2O releases from
stored dairy manure significantly.

Similar to NH3, daily variations in N2O releases in the control group reactors were larger
than those in reactors of the treatment groups (Figure 3.14, Bottom). Because NH3 has
been reported as a precursor to the formation of N2O (Clemens and Ahlgrimm, 2001), the
N2O release rate increased relatively faster in the reactors that had higher ammonium
concentration (Figure 3.14, Top). For instance, the N2O release rate in R2, which had the
highest average ammonium concentration among all reactors (1108 mg/L), increased
from roughly 0.0 μg/min on Day 1 to 27.2 μg/min at the end of the experiment. However,
this sharp increase pattern was not observed in reactors of the treatment groups,
especially R7 and R8 (Figure 3.14, Top).
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Figure 3.14. Top: Temporal patterns of daily mean releases of nitrous oxide during the
experiment. Bottom: Mean releases of nitrous oxide with ± 95% confidence intervals in 8
reactors.

Within the treatment groups, Group C performed better than groups A and B, in term of
average N2O release rate. It suggests that an Mg2+:PO43-:NH4+ molar ratio higher than
theoretical value of 1:1:1 plus initial pH adjustment can contribute to N2O release
reduction.
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3.3.6

Methane Release

The mean CH4 release rates in individual reactors ranged from 679.3 to 693.4 μg/min for
reactors in control group (R1 and R2) and from 627.2 to 647.7 μg/min for reactors in
treatment groups (R3–R8) (Figure 3.15, Bottom). The average mean CH4 release rates
were 686.4 and 632.9 μg/min for the control group and treatment groups, respectively.
Although the average total CH4 release of 72.0 g in treatment groups was slightly lower
than that of 78.1 g in the control group (Table 3.4), these differences between control and
treatment groups were statistically significant (P<0.01). It suggested that struvite
formation may lower CH4 production rate, which is agreeable with the result of UludagDemirer et al. (2008). The possible mechanism resulting in this reduction could be the
cation toxicity caused by addition of MgCl2 and Na2HPO4 (Kugelman and Chin, 1971).

At the very beginning of this experiment, CH4 release rate as high as 1413 μg/min was
observed in R2 in control group, while only 924 μg/min was found in R8 in treatment
groups at the same time (Figure 3.15, Top). Later on, this release rate of control group
gradually dropped to roughly 800 μg/min and stayed at this level from day 20 to day 25.
Meanwhile, the value of treatment groups remained in the same range as the first 10 days
with minor variations. After that, the CH4 release rates of reactors in treatment groups
decreased from about 900 μg/min to a level of 160 μg/min at the end of the experiment
due to the aging of the manure (Rico et al., 2011).
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Figure 3.15. Top: Temporal patterns of daily mean releases of methane during the study.
Bottom: Mean releases of methane with ± 95% confidence intervals in 8 reactors.

3.3.7

Carbon Dioxide Release

The CO2 release rate demonstrated less inter-reactors variations, especially in the control
group (Figure 3.16, Bottom). The mean CO2 release rate of treatment groups were very
close to those of control group, which was 3026 μg/min. The total CO2 releases in all
reactors were also close to each other (Table 3.4). The difference in CO2 releases between
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the control group and the treatment groups was not statistically significant (P>0.05),
which indicates that struvite formation did not have an obvious effect on CO2 release.
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Figure 3.16. Top: Temporal patterns of daily mean releases of carbon dioxide during the
experiment. Bottom: Mean releases of carbon dioxide with ± 95% confidence intervals in
8 reactors.

At the very beginning of this experiment, the releases of CO2 exhibited a clear difference
between the control group and the treatment groups (Figure 3.16, Top). For example, the
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CO2 release rate of R1 in the control group was 5264 μg/min on day 1, which was only
51.6% of that of 10192 μg/min for R3 in treatment groups. The explanation of this
observation could be that the initial decrease of pH resulting from addition of MgCl2
promoted the generation of CO2. The initial high CO2 release rate in treatment groups
dropped rapidly until day 5 and reached a level of about 4500 μg/min, which was pretty
close to that in the control group. Although the CO2 release rates in the control group
were much lower at the beginning, it became higher than those in the treatment group
after day 25. Then, the release of CO2 in all reactors displayed relatively smooth patterns
as compared with the other gases (Figure 3.16, Top), which agreed well with the
observations of Ni et al. (2010).

3.3.8

Hydrogen Sulfide (H2S) Release

The quantity of H2S released in this storage study was the smallest among five gases. It
was only 0.4 % of N2O released from all reactors (Table 3.4). The mean H2S release rate
of 0.028 μg/min in treatment group C (R7-R8) was less than that of 0.036 μg/min in
control group (Figure 3.17, Bottom), which was about 21% reduction.
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Figure 3.17. Top: Temporal patterns of daily mean releases of hydrogen sulfide during
the experiment. Bottom: Mean releases of hydrogen sulfide with ± 95% confidence
intervals in 8 reactors.
The differences in H2S release between control group and the treatment groups were
statistically significant (P<0.05) (Table 3.5), which suggests that struvite formation could
contribute to the reduction of H2S release during storage. The variations in daily H2S
releases of this study were relatively high (Figure 3.17, Top). For example, the maximum
daily mean H2S release rate in R4 was 0.167 μg/min and occurred on day 23, while the
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minimum value observed on day 35 was only 0.006 μg/min. However, most of the daily
mean H2S releases were below 0.06 μg/min, although large variations from day to day
were displayed. Large variations in H2S releases and emissions were also recognized in
the study of Ni et al. (2009), in which a Bubble-release” model was developed to
illuminate the unpredictable release of H2S.

3.4

Conclusions

The following conclusions were obtained from the results of this study:
1. The pH of top layer manure varied periodically resulting from weekly adjustment of
top pH probe locations. This indicated that there were pH gradients in the top layer
bulk manure even within smaller distances than the distances between the top and
bottom pH probes.

2. A maximum ammonium removal rate of 66.9% from manure was observed in R8,
where the Mg2+:PO43-:NH4+ molar ratio of 1.3:1:1 and initial pH adjustment were
applied for promoting struvite precipitation. Over 92% phosphate removal rates were
found in all treatment reactors (R3–R8).

3. Struvite formation achieved 34.6% reduction of NH3 release. Daily variations in NH3
releases in the control group reactors were larger than those in the treatment groups.
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4. As high as 98% N2O release reduction was achieved by applying struvite
crystallization in this study. Similarly, daily variations in N2O releases in the control
group reactors were larger than those in the treatment groups.

5. Enhancing struvite precipitation by adding MgCl2 and Na2HPO4 to the anaerobically
digested manure may inhibit the CH4 production, since cation toxicity was introduced
to the system through chemical addition.

6. There was no obvious effect of struvite formation on CO2 release. However, CO2
release was promoted at the beginning of this experiment in the treated groups
because introduction of MgCl2 decreased the pH of manure.

7. Reduction of H2S release caused by struvite precipitation was observed in this storage
experiment. The quantity of H2S released in this study was small. There were large
daily variations in the H2S release patterns of all reactors.
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CHAPTER 4. GENERAL CONCLUSIONS AND RECOMMENDATIONS

4.1

General Conclusions

The interpretations of the experimental results and the knowledge gained in this study led
to the following conclusions:
1. This study demonstrated that struvite formation has great potential to be an effective
technology for nitrogen recovery from anaerobically-digested dairy manure when
appropriate operational conditions are applied. An ammonium removal rate of 97%
was observed in the bench-scale experiment, and that of 65% was observed in the
pilot-scale storage study.
2. Struvite formation also had the capability to recover phosphate effectively from
anaerobically-digested dairy manure. All the treatment reactors in both bench-scale
and pilot-scale experiments achieved phosphate removal rates higher than 92%, when
MgCl2 and Na2HPO4 were added to adjust the initial Mg2+:PO43-:NH4+ molar ratio to
1.3:1.3:1.
3. The initial pH had an obvious effect on phosphate removal through struvite formation
in the range from pH 7.0 to 10.0. The optimum manure pH for high phosphate
removal efficiency was 8.5. In the storage experiment, the pH of bottom layer manure
tended to be lower than those of top layer manure in all reactors. Plus, the weekly
adjustment of top pH probes location led to periodical variations in the pH
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values of top layer manure, which suggested that pH gradients existed throughout the
vertical direction from the bottom to the top even within small distances.
4. Low temperatures such as 4 °C inhibits phosphate removal through struvite
precipitation due to lower levels of molecular movement. However, the influence of
temperature ranging from 25 to 37.5 °C on the performance of struvite formation
became less significant, which indicated that temperature control is not necessary in
this process except low temperature is expected in Winter.
5. The reaction time data in the bench-scale experiment showed that struvite formation
reactions reached equilibrium in less than 10 minutes. There was a negligible
influence on struvite crystallization as reaction time increased from 3 to 120 min.
6. If only MgCl2 was added into reactors, a Mg2+:PO43- molar ratio about 8 times higher
than the stoichiometric value of 1:1 was requisite to accomplish effective phosphate
recovery through struvite formation. However, if both MgCl2 and Na2HPO4 were
added, an initial Mg2+:PO43-:NH4+ molar ratio of 1.3:1.3:1, which was very close to
the theoretical value of 1:1:1, was sufficient to achieve high phosphate and
ammonium recovery efficiency by struvite precipitation.
7. Struvite formation could significantly reduced the releases of NH3 and N2O by 34.6%
and 98.5% respectively. In addition, struvite crystallization reduced the variations of
NH3 and N2O releases in treatment reactors, comparing with that in control reactors.
However, it was demonstrated that struvite precipitation could hinder CH4 production
by cation toxicity, when MgCl2 and Na2HPO4 were added to adjust initial molar ratio.
8. There was no obvious effect of struvite formation on CO2 releases. The addition of
MgCl2 could decrease the manure pH, thereby promote the CO2 release. In contrast,
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the results showed that struvite precipitation could help reduce H2S release during the
storage experiment. Relatively large daily variations in H2S release patterns were
observed in all reactors.

4.2

Recommendations

Based on the results and experiences obtained in this study, the following
recommendations are made for future research:
1. It will be beneficial to include Mg2+ and Ca2+ analysis of manure sample for better
understanding of performance of struvite formation.
2. Including microbiological analyses of manure samples will be useful for obtaining
more information about the process of gas production and release.
3. If more ORP probes are installed in the system, comparison of ORP values in control
reactors and that in treatment reactors can be made.
4. It is better to avoid adjusting top pH probes weekly. Adjusting the locations of top pH
probes more frequently, such as once per day, is recommended. Or a method of
floating pH probes should be designed.
5. In addition to pH and ORP monitoring, dissolved oxygen (DO) measurement of both
top layer and bottom layer manure are highly recommended.
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